In this paper, an ultra-wideband internal antenna for use in mobile applications is proposed. The proposed antenna has symmetrical bi-arm structures printed on the top and bottom of the substrate, and it occupies a compact area of 10 mm × 10 mm × 1 mm. The designed antenna has an impedance bandwidth from 3 GHz to 12 GHz and near omnidirectional radiation patterns over the frequency band of interest. The group delay between two antennas fabricated using the proposed design is less than 0.8 ns, and the maximum gain variation is about 3.16 dB.
I. Introduction
Ultra-wideband (UWB) technology is one of the most promising technologies for future high-data-rate wireless communication. Its advantages over conventional wireless communication systems are its high data transmission rate, extremely low power consumption, and simple hardware configuration. However, the design of antennas for UWB systems, especially for a mobile handset application, faces a variety of challenges, such as the need for a broad impedance bandwidth, small size, and a frequency independent radiation pattern with omnidirectional properties [1] - [3] .
A number of broadband antennas, including transverse electromagnetic (TEM) horn antennas [4] , [5] , conical antennas [6] - [8] , and planar antennas [9] - [11] , have been developed for UWB radio systems. TEM horn antennas feature well-matched bandwidth but suffer from the severe distortion of a radiated pulse waveform due to the frequency dependency of the phase center. Conical antennas have a stable phase center with a broad bandwidth; however, these antennas may be too bulky to be adopted for compact UWB communication devices. Planar antennas have a broad impedance bandwidth, small size, low cost, and can be easily integrated with other circuits on PCBs. However, broadband planar monopoles usually exhibit directional radiation properties at high operating frequencies due to their asymmetrical structure. A rolled monopole was presented to improve the radiation performance of a conventional planar monopole across broad bandwidth [12] , [13] . A comparison of the rolled, planar, and cylindrical monopoles revealed that the rolled monopole has broad bandwidth like a planar monopole and an omnidirectional radiation pattern like a rotationally symmetrical cylindrical monopole [14] . Unfortunately, a rolled antenna with high accuracy is not easy to fabricate. The antennas proposed in [9] and [11] cannot satisfy the size and volume requirements imposed on antennas for recent mobile terminals due to their height.
In this paper, a UWB internal antenna is proposed. The proposed antenna was designed with a symmetrical bi-arm structure to obtain an omnidirectional radiation pattern. The proposed antenna has a compact size of 10 mm × 10 mm × 1 mm.
II. Antenna Design and Performance
Antenna Structure
The configuration of the proposed UWB internal antenna is shown in Fig. 1 . The L-shaped and stair-shaped radiators are integrated on both sides of the FR4 substrate. The radiators are 1 mm thick and cover a 10 mm × 10 mm area. The L-shaped and stair-shaped radiators on the top and bottom layers are connected using three via holes with a radius of 0.15 mm. The proposed antenna consists of two L-shaped radiators, two stairshaped radiators, and three via holes. The ground plane is printed on the top layer of the FR4 substrate (35 mm × 54 mm × 0.4 mm, ε r = 4.4).
Current Distribution
The simulated surface current distributions of the proposed antenna are illustrated in Fig. 2 . The surface current distributions indicate the existence of different resonances at 3.3 GHz, 5.5 GHz, 5.8 GHz, and 10.8 GHz. It was observed that the current is mainly distributed on the symmetrical radiators between the top and bottom radiators. At 3.3 GHz, the majority of current is concentrated on the L-shaped radiators while the current at the stair-shaped radiators is weak. As a result, the impedance matching at 3.3 GHz is more sensitive to the dimensions of the L-shaped radiator than that of the stairshaped radiator as shown in Figs top and bottom layers are connected through three via holes as shown in Fig. 1 . Wideband performance is obtain by mutual coupling between the L-shaped and stair-shaped radiators. To investigate the effect of the via holes on bandwidth performance, the 10 dB return loss bandwidth characteristics were evaluated, and the results are shown in Fig. 3(a) . The 10 dB return loss bandwidth using L-shaped radiators with one via hole is about 3.8 GHz (from 3 GHz to 6.8 GHz), while the return loss bandwidth for the L-shaped radiators with stairshaped radiators using three via holes ranges from 3 GHz to 11.7 GHz. Figure 3(b) shows the simulated return loss characteristics for L-shaped radiators of various widths (W 2 ) without stairshaped radiators. Even though the lower frequency limit of the 10 dB return loss bandwidth decreases as W 2 increases, the higher frequency limit cannot be satisfied. The total length of the L-shaped radiators is about λ/4 at 3.1 GHz. By adjusting the length of the L-shaped radiator, the impedance matching can be improved. Figure 3(c) shows the return loss characteristics for L-shaped radiators of various widths (W 2 ) with stair-shaped radiators. The stair-shaped radiators are necessary to satisfy the impedance bandwidth for the entire UWB band. As shown in Fig. 3(c) , the change in width of the L-shaped radiators with the stair-shaped radiators has a significant effect on the impedance matching of the proposed antenna. Figure 3 (d) reveals that the impedance matching performance can be effectively controlled in both lower and higher frequency bands by properly choosing the thickness of the FR4 substrate.
The structure of the antenna is symmetrically designed to produce a stable radiation pattern. The length and width of both radiators were determined using a commercial design tool, Ansoft HFSS V11.0 [15] .
III. Results
An image of the fabricated antenna is shown in Fig. 4 . The measured and simulated return loss values in terms of frequency are compared in Fig. 5 . The measured return loss bandwidth of the fabricated antenna ranges from 3 GHz to 12 GHz. The measured and simulated results are in good agreement.
The simulated and measured radiation patterns in the x-z and y-z planes at operating frequencies of 4.5 GHz, 6.5 GHz, 8.5 GHz, and 10.5 GHz are shown in Fig. 6 . The results indicate that the radiation patterns in the H-plane (φ=0°) are near omnidirectional at all frequencies. The directional variation in the H-plane pattern is less than 5 dB. In the UWB system, the phase of the radiated field should vary linearly with the frequency. That is, a stable group delay response is desirable. The group delay, τ g , is defined as in [16] 
where φ is the far-field phase, and f is the frequency.
To obtain the group delay characteristic, two identical antennas were connected to a network analyzer (Agilent's 8719ES) which converts the frequency domain data into the time domain using chirp-Z Fourier transform with time domain option [17] - [19] . The distance between the two antennas was 30 cm due to the low output power of the network analyzer. The distance between the two antennas was 30 cm due to the low output power of the network analyzer. Figure 7 shows the measured group delay from 3.1 GHz to 10.6 GHz. The group delay variation of the proposed antenna is less than 0.8 ns. If the group delay variation exceeds 1 ns, the phase is no longer linear in the far-field region, and pulse distortion can occur [16] .
The maximum gain of the proposed antenna over the UWB frequency band is plotted in Fig. 8 . The maximum gain is 4.18 dBi at 4 GHz, and the maximum gain variation is about 3.16 dB.
IV. Conclusion
In this paper, an ultra-wideband internal antenna was proposed. A parametric study was carried out to obtain optimized performance of the antenna. Two symmetrical radiators were placed on the top and bottom of the FR4 substrate to generate a near omnidirectional radiation pattern over a wide frequency band. The proposed antenna is compact in size, has a wide impedance bandwidth, small group delay, small gain variation, and an omnidirectional radiation pattern. These features demonstrate that the proposed antenna is well suited for UWB mobile terminals.
